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We combine searches by the CDF and D0 Collaborations for the standard model Higgs boson with mass in the range 90-200 GeV/c 2 produced in the gluon-gluon fusion, W H, ZH, ttH, and vector boson fusion processes, and decaying in the H → bb, H → W + W − , H → ZZ, H → τ + τ − , and H → γγ modes. The data correspond to integrated luminosities of up to 10 fb −1 and were collected at the Fermilab Tevatron in pp collisions at √ s = 1.96 TeV. The searches are also interpreted in the context of fermiophobic and fourth generation models. We observe a significant excess of events in the mass range between 115 and 140 GeV/c 2 . The local significance corresponds to 3.0 standard deviations at mH = 125 GeV/c 2 , consistent with the mass of the Higgs boson observed at the LHC, and we expect a local significance of 1.9 standard deviations. We separately combine searches for H → bb, H → W + W − , H → τ + τ − , and H → γγ. The observed signal strengths in all channels are consistent with the presence of a standard model Higgs boson with a mass of 125 GeV/c 2 .
I. INTRODUCTION
Within the standard model (SM) [1] , spontaneous breaking of electroweak symmetry gives mass to the W and Z bosons [2] , and to the fundamental fermions via their Yukawa interactions with the Higgs field. In the SM, the symmetry-breaking mechanism predicts the existence of one neutral scalar particle, the Higgs boson, whose mass (m H ) is a free parameter.
Precision electroweak data, including the recently updated measurements of the W -boson and top-quark masses from the CDF and D0 Collaborations [3, 4] , yield an indirect constraint on the allowed mass of the Higgs boson, m H < 152 GeV/c 2 [5] , at the 95% confidence level (C.L.) [6] . Direct searches at LEP2 exclude SM Higgs boson masses below 114. 4 GeV/c 2 [7] . The ATLAS and CMS Collaborations at the Large Hadron Collider (LHC) have recently reported the observation of a new boson with mass of around 125 GeV/c 2 [8, 9] . Much of the sensitivity of the LHC searches comes from gluon-gluon fusion (gg → H) production and Higgs boson decays to γγ, ZZ, and W + W − . Published searches for associated production V H → V bb at the LHC, where V = W or Z [10, 11] , have not yet reached sensitivity to SM Higgs boson production. The CDF and D0 Collaborations have recently reported combined evidence for a particle, with a mass consistent with that of the new boson observed at LHC, produced in association with a W or Z boson and decaying to a bottom-antibottom quark pair [12] .
In this article, we combine the most recent results of SM Higgs boson searches in pp collisions at √ s = 1.96 TeV using the full Tevatron Run II integrated luminosity of up to 10 fb −1 per experiment. The analyses combined here seek signals of Higgs bosons in the mass range 90-200 GeV/c 2 , produced in association with a vector boson (qq → V H), in association with top quarks, through gluon-gluon fusion, and through vector boson fusion (VBF) (qq → q ′q′ H). present our results in the full mass range, we also focus specifically on the mass hypothesis m H = 125 GeV/c 2 , due to the recent LHC findings. Specifically, we show the sensitivity of the searches over the full mass range to a SM Higgs boson signal with m H = 125 GeV/c 2 . Previous Tevatron SM combinations, focused respectively on the H → bb and H → W + W − decay modes, are published in Refs. [12, 13] . The results presented here are based on the combinations of the searches from each experiment as published in Refs. [14, 15] .
This article is structured as follows. Section II discusses the simulation methods used to predict the yields from the signal and SM background processes. Section III briefly describes the CDF and D0 detectors. Section IV describes the event selections used by the various analyses and Section V presents the data. Section VI provides a brief introduction to the statistical procedures used and Section VII discusses the different sources of systematic uncertainties and how they are controlled. Sections VIII and IX present the results in the contexts of the SM and extensions to it. Section X summarizes the article.
II. EVENT SIMULATION
Higgs boson signal events are simulated using the leading-order (LO) calculation from pythia [16] , with CTEQ5L (CDF) and CTEQ6L1 (D0) [17] parton distribution functions (PDFs). The normalization of these Monte Carlo (MC) samples is obtained using the highestorder cross-section calculation available for the corresponding production process. The cross section for the gluon-gluon fusion process is calculated at next-to-nextto-leading order (NNLO) in quantum chromodynamics (QCD) with soft gluon resummation to next-to-next-toleading-log (NNLL) accuracy [18, 19] . These calculations include two-loop electroweak corrections, and also threeloop O(αα s ) corrections. The WH and ZH cross-section calculations are performed at NNLO precision in QCD and next-to-leading-order (NLO) precision in the electroweak corrections [20] . The VBF cross section is computed at NNLO in QCD [21] , and the electroweak corrections are computed with the hawk program [22] . The ttH production cross sections are taken from Ref. [23] . The signal production cross sections are computed using the MSTW2008 PDF set [24] , except for the ttH production cross section which uses the CTEQ6M [17] PDF set. The Higgs boson decay branching fractions are from Ref. [25] and rely on calculations using hdecay [26] and prophecy4f [27] . The distribution of the transverse momentum (p T ) of the Higgs boson in the pythia-generated gluon-fusion sample is reweighted to match the p T as calculated by hqt [28] , at NNLL and NNLO accuracy.
We model SM and instrumental background processes using a mixture of MC and data-driven methods. In the CDF analyses, backgrounds from SM processes with electroweak gauge bosons or top quarks are modeled using pythia, alpgen [29] , mc@nlo [30] , and herwig [31] . For D0, these backgrounds are modeled using pythia, alpgen, and singletop [32] . An interface to pythia provides parton showering and hadronization for generators without this functionality.
Diboson (WW, WZ, ZZ) MC samples are normalized using the NLO calculations from mcfm [33] . For topquark-pair production (tt), we use a production cross section of 7.04 ± 0.49 pb [34] , which is based on a top-quark mass of 173 GeV/c 2 [4] and MSTW 2008 PDFs [24] . The single-top-quark production cross section is taken to be 3.15 ± 0.31 pb [35] . For many analyses, the V+jet processes are normalized using the NNLO cross section calculations of Ref. [36] , though in some cases data-driven techniques are used. Likewise, the normalization of the instrumental, multijet and, for the CDF searches, the V+heavy-flavor jet backgrounds [37] are constrained from data samples where the expected signal-to-background ratio is several orders of magnitude smaller than in the search samples. For the D0 searches, the V+light-flavor is normalized to data in a control region, and the V+heavy-flavor normalization, relative to the V+light-flavor, is taken from mcfm. In addition, for the D0 searches, prior to b-tagging [38] V+jets samples are compared to data and corrections applied to mitigate any discrepancies in kinematic distributions.
All MC samples are processed through a geant [39] simulation of the detector, and reconstructed in the same way as data. The effects of instrumental noise and additional pp interactions are modeled using MC in the CDF analyses, while recorded data from randomly selected beam crossings with the same instantaneous luminosity profile as data are overlaid on to the MC events in the D0 analyses. In the entire Run II data sample, the average number of reconstructed primary vertices is approximately 3 -including the hard scatter.
For the H → W + W − analyses, the dominant irreducible background process is diboson production, while the dominant reducible backgrounds are Z/γ * +jets, tt, W +γ, W +jets, and multijet production where in the latter three cases photons or jets can be misidentified as leptons. For the analyses targeting H → bb the main backgrounds originate from V +heavy-flavor-jets and tt production.
III. DETECTORS AND OBJECT RECONSTRUCTION
The CDF and D0 detectors have central trackers surrounded by hermetic calorimeters and muon detectors and are designed to study the products of 1.96 TeV proton-antiproton collisions [40, 41] . Most searches combined here use the complete Tevatron data sample, which corresponds to up to 10 fb −1 depending on the experiment and the search channel, after data-quality requirements. The online event selections (triggers) rely on fast reconstruction of combinations of high-p T lepton candidates, jets, and missing transverse energy ( E T ), defined below. To maximize sensitivity, all events satisfying any trigger requirement from the complete suite of triggers used for data taking are considered whenever possible. For instance, while most of the H → W + W − candidate events are selected by single-lepton and dilepton triggers, a gain in efficiency of up to 20%, depending on the channel, is achieved by including events that pass lepton+jets and lepton+E / T triggers.
High-quality electron candidates are identified by associating charged-particle tracks with deposits of energy in the electromagnetic calorimeters when both measurements are available. High-quality muon candidates are identified by associating tracks with hits in the muon detectors surrounding the calorimeters in the CDF and D0 detectors. Lepton candidates are categorized based on the quality of the contributing measurements. Tight selection requirements yield samples of leptons with low background rates from hadrons or jets of hadrons misidentified as leptons. Looser requirements are designed to increase the acceptance for lepton candidates with poorly measured or partially missing information, with resulting higher rates for backgrounds. To optimize the sensitivity of the combined results, events that are selected with high-quality leptons are analyzed separately from those with low-quality leptons.
Jets are clustered from energy deposits in the electromagnetic and hadronic calorimeters and, in some analyses, combine information from charged particle tracks to improve purity or energy resolution. The transverse energy vector E T of a calorimeter energy deposit is E sin θn, where E is the measured energy, θ is the angle with respect to the proton beam axis of a line drawn from the collision point to the energy deposit, andn is a unit vector in the plane perpendicular to the beam pointing along that line. The missing transverse energy E T is the magnitude of the vector opposite to the sum of the E T vectors measured in the calorimeter, after propagation of all corrections to the calorimetric objects and for identified muons (which deposit only small amounts of energy in the calorimeters) contributing to the signal topology. Further details of the object reconstruction algorithms used in the Higgs boson searches can be found in the references for the individual analyses (see Tables I and II) .
IV. EVENT SELECTION
Event selections are similar in the CDF and D0 analyses, typically consisting of a preselection based on event topology and kinematics. Multivariate analysis (MVA) techniques [42] are used to combine several discriminating variables into a single final discriminant that is used in the statistical interpretation to compute upper limits, p-values, and fitted cross sections. Each channel is divided into exclusive sub-channels according to various lepton, jet multiplicity, and b-tagging characterization criteria. This procedure groups events with similar signal-to-background ratio to optimize the overall sensitivity. Such subdivision allows, for example, the efficient use of poorly reconstructed leptons or those in the forward region, the exploitation of the different dominant signal and backgrounds when training the MVAs separately in each sub-channel, or reduction of the impact of systematic uncertainties. The MVAs are trained separately at each value of m H in their respective mass ranges, in 5 GeV/c 2 steps. For the analyses exploiting the H → bb decay, btagging and dijet mass resolution are of great importance. Both collaborations have developed multivariate approaches to maximize the performance of the b-tagging algorithms. The CDF b-tagging algorithm is based on an MVA [43] , and depending on the chosen operating point provides b-tagging efficiencies of 50%-70% with misidentification rates for light (u, d, s, and gluon) jets of 0.5%-6%. In the D0 analyses, the MVA builds and improves upon the previous neural network b-tagger [44, 45] and achieves identification efficiencies of about 80% (50%) for b jets for a light jet misidentification rate of about 10% (0.5%).
The decay width of the SM Higgs boson is predicted to be much smaller than the experimental dijet mass resolution, which is typically 15% of the mean reconstructed mass. A SM Higgs boson signal would appear as a broad enhancement in the reconstructed di-b-jet mass distribution. The CDF and D0 Collaborations search for H → bb produced in association with a leptonically decaying W boson, or a leptonically or invisibly decaying Z boson. CDF also contributes searches for W H + ZH → jjbb and ttH → ttbb, where in the latter case one of the top quarks decays to a leptonically decaying W boson. Both collaborations search for the H → W + W − signal in which both W bosons decay leptonically by selecting events with large missing transverse energy and two oppositely-charged, isolated leptons. The presence of neutrinos in the final state prevents reconstruction of the Higgs boson mass. Other observables are used for separating the signal from background. For example, the azimuthal angle between the leptons in signal events is smaller on average than that in background events due to the scalar nature of the Higgs boson and parity violation in W ± decays. Furthermore, the missing transverse momentum is larger and the total transverse energy of the jets is lower than they are typically in background events. The D0 Collaboration also includes channels in which one of the W bosons in the H → W + W − process decays leptonically and the other hadronically.
Although the primary sensitivity at low mass (m H ≤ 130 GeV/c 2 ) is provided by the H → bb analyses and at high mass (m H > 130 GeV/c 2 ) by the H → W + W − analyses, significant additional sensitivity is achieved by the inclusion of other channels. Both collaborations contribute analyses searching for Higgs bosons decaying into tri-lepton final states, tau-lepton pairs and diphoton pairs. The full list of channels included is shown in Tables I and II which summarize, for the CDF and D0 analyses respectively, the integrated luminosities, the Higgs boson mass ranges over which the searches are performed, and references to further details for each analysis.
V. CANDIDATE DISTRIBUTION
The number of contributing channels is large, and several different kinds of discriminating varibles are used. Visual comparison of the observed data with the predictions is challenging in some of the sub-channels due to low data counts. For a more robust comparison, we display the data from all the sub-channels together, aggregating bins with similar signal to background ratios (s/b) from all contributing sub-channels. We collect the signal predictions, the background predictions, and the data in narrow bins of s/b, summing the contributions from bins in the final discriminant histograms in the sub-channels. A fit of the background model (see Section VI) to the data is performed before this aggregation procedure, in order to provide the best prediction for the background model in bins with the highest sensitivity. The classification of analysis events according to their s/b preserves the importance of each of the events in the histogram, to the extent that they are not added to other events that are selected with different s/b. This representation of the data is not used to compute the final results, since the distribution indiscriminately sums unrelated backgrounds which are fit separately. It does, however, provide a guide to how much individual events contribute to the results and how well the signal is separated from backgrounds in the combined search. The resulting distribution of log 10 (s/b) is shown for m H = 125 GeV/c 2 in Fig. 1 , demonstrating agreement with background over five orders of magnitude.
VI. STATISTICAL TECHNIQUES
The results are interpreted using both Bayesian and modified frequentist techniques, separately at each value of m H , as was done previously [12, 13, 46] . The two methods yield results that are numerically consistent; limits on the Higgs boson production rate typically agree within 5% at each value of m H , and with a 1% deviation when averaged over all positive and negative departures. For simplicity, when summarizing the results, we quote one set of values as the default, and the a priori decision made for the earlier Tevatron combinations to use the Bayesian method is retained here. Both methods use the distributions of the final discriminants, and not only the total event counts passing selection requirements.
Each of the techniques is built on a combined likelihood (including prior probability densities on systematic uncertainties, π( θ)) based on the product of likelihoods for the individual channels, each of which is a product TABLE I: Luminosities, explored mass ranges, and references for the different processes and final states (ℓ = e or µ, and τ had denotes a hadronic tau-lepton decay) for the CDF analyses. The generic labels "1×", "2×", "3×", and "4×" refer to separations based on lepton or photon categories. The analyses are grouped in five categories, corresponding to the Higgs boson decay mode to which the analysis is most sensitive: 
H → γγ 9.6 100-150 [65] over histogram bins,
where the first product is over the number of channels (N C ) and the second product is over histogram bins containing n ij events, binned in ranges of the final discriminants used for the individual analyses. The predictions for the bin contents are µ ij = R × s ij ( θ) + b ij ( θ) for channel i and histogram bin j, where s ij and b ij represent the expected SM signal and background in the bin, and R is a scaling factor applied to the signal. By scaling all signal contributions by the same factor we assume that the relative contributions of the different processes at each m H are as predicted by the SM. Systematic uncertainties are parametrized by the dependence of s ij and b ij on θ. Each of the n sys components of θ, θ k , corresponds to a single independent source of systematic uncertainty scaled by its standard deviation, and each parameter may affect the predictions of several sources of signal and background in different channels, thus accounting for correlations. Gaussian prior densities are assumed for the nuisance parameters, truncated to ensure that no prediction is negative.
In the Bayesian calculation, we assume a uniform prior probability density for non-negative values of R and integrate the likelihood function multiplied by prior densities for the nuisance parameters to obtain the posterior density for R. The observed 95% credibility level upper limit on R, R obs 95 , is the value of R such that the integral of the posterior density of R from zero to R obs 95 corresponds to 95% of the integral of R from zero to infinity. The expected distribution of R 95 is computed in an ensemble of simulated experimental outcomes assuming no signal is present. In each simulated outcome, random values of the nuisance parameters are drawn from their prior densities. A combined measurement of the cross section for Higgs boson production times the branching fraction B(H → XX), in units of the SM production rate, is given by R fit , which is the value of R that maximizes the posterior density. The 68% credibility interval, which corresponds to one standard deviation (s.d.), is quoted as the smallest interval containing 68% of the integral of the posterior.
We also perform calculations with the modified frequentist technique CL s [46] , using a log-likelihood ratio (LLR) as the test statistic: LLR= −2 ln
, where p(data|s + b) and p(data|b) are the probabilities that the data (either simulated or experimental data) are drawn from distributions predicted under the signalplus-background and background-only hypotheses, respectively. The probabilities p are computed using the best-fit values of the parameters θ k , separately for each of the two hypotheses [66] . The use of these fits extends the procedure used at LEP [67] , improving the sensitivity when the expected signals are small and the uncertainties on the backgrounds are large. The CL s technique involves computing two p-values, CL b = p(LLR ≥ LLR obs |b), where LLR obs is the value of the test statistic computed for the data, and CL s+b = p(LLR≥ LLR obs |s + b). To compute limits, we use the ratio of p-values, CL s = CL s+b /CL b . If CL s < 0.05 for a particular choice of the signal-plus-background hypothesis, parametrized by the signal scale factor R, that hypothesis is excluded at least at the 95% C.L. The value of R obs 95 in the CL s method is the smallest value of R excluded at the 95% C.L. The expected limit is computed using the median LLR value expected in the background-only hypothesis. Systematic uncertainties are included by fluctuating around their Gaussian priors the predictions for s ij and b ij when generating the pseudoexperiments used to compute CL s+b and CL b .
In this framework, a second estimate of the signal rate, R fit profile is computed, maximizing the likelihood as a function of the unconstrained signal rate R and the nuisance parameters θ k . This estimate of the combined signal rate may differ from the Bayesian calculation of R fit when the likelihood function deviates from a Gaussian form, since the best fit depends on the likelihood near the maximum and the Bayesian calculation integrates over all values of the nuisance parameters which result in positive signal and background rates in all histogram bins.
VII. SYSTEMATIC UNCERTAINTIES
Systematic uncertainties are evaluated for each final state, background, and signal process. Uncertainties that modify only the normalization and uncertainties that change the shape of the final discriminant distribution are included. To study the shape uncertainties on the distributions of the final discriminants, the relevant parameter is varied within one standard deviation of its uncertainty and the full analysis repeated using the modified distribution. For example, for the jet energy scale and resolution, the parameters of the energy scale and resolution are varied within one s.d. of their uncertainties and the analysis carried out using the kinematic distributions of the modified jets, also including the changes in sample composition resulting from the change in the jet energy parameters. No retraining of the MVAs is performed during the propagation of systematic uncertainties to the distributions of the discriminants. Correlations between signal and background, across different channels within an experiment and across the two experiments are taken into account. Full details on the treatment of the systematic uncertainties in the individual channels can be found in the relevant references.
The uncertainties on the inclusive signal production cross sections are estimated from the variations in the factorization and renormalization scale, which include the impact of uncalculated higher-order corrections, uncertainties due to PDFs, and the dependence on the strong coupling constant, α s , as recommended by the PDF4LHC working group [68, 69] . The resulting uncertainties on the inclusive VH and VBF production rates are taken to be 7% and 5%, respectively [20] . Uncertainties on the branching fractions are taken from Ref. [70] .
For analyses focusing on gg → H production that divide events into categories based on the number of reconstructed jets, the uncertainties associated with the renormalization and factorization scale are estimated following Ref. [71] . By propagating the uncorrelated uncertainties of the NNLL inclusive [18, 19] , NLO ≥ 1 jet [69] , and NLO ≥ 2 jets [72] cross sections to the exclusive gg → H + 0 jet, ≥ 1 jet, and ≥ 2 jets rates, an uncertainty matrix containing correlated and uncorrelated uncertainty contributions between exclusive jet categories is obtained. The total uncertainty on gg → H production originating from these contributions varies from 10% to 35% in individual channels depending on the number of jets in the final state. The PDF uncertainties are evaluated following Refs. [18, 69] .
Significant sources of uncertainty for all analyses are the integrated luminosities used to normalize the expected signal yield and MC-based backgrounds, and the cross sections for the simulated backgrounds. For the former, uncertainties of 6% (CDF) and 6.1% (D0) are used, with 4% arising from the inelastic pp cross section which is taken to be 100% correlated between CDF and D0. Cross-section uncertainties of 6% and 7% are used for diboson and tt production respectively. The uncertainty on the expected multijet background in each channel is dominated by the statistics of the data sample from which it is estimated and varies from 10% to 30%.
Sources of systematic uncertainty that affect both the normalization and the shape of the final discriminant distribution include jet energy scale (1-4)%, jet energy resolution (1-3)%, lepton identification, trigger efficiencies, and b-tagging. Uncertainties on lepton identification and trigger efficiencies range from 2% to 6% and are applied to both the signal and MC-based background predictions. These uncertainties are estimated from data-based methods separately by CDF and D0, and differ based on lepton flavor and identification category. The b-tag efficiencies and mistag rates are similarly constrained by auxiliary data samples, such as inclusive jet data or tt events. The uncertainty on the per-jet b-tag efficiency is approximately 4%, and the mistag uncertainties vary between 7% and 15%. For the analyses targeting the H → bb decay, the largest sources of uncertainty on the dominant backgrounds are the rates of V +heavy flavor jets, which are typically 20-30% of the predicted values. Using constraints from the data, the uncertainties on these rates are typically 8% or less. The data samples in the V +jets selections prior to b-tagging are used as control samples to constrain systematic uncertainties in the MC modeling of the energies and angles of jets. Any residual discrepancy coming from the difference between light-and heavy-flavor components is shown to be smaller than the systematic uncertainties associated with the generator or the correction procedures themselves.
A total of 326 independent sources of systematic uncertainty are included in the combination of the Higgs boson search results at m H = 125 GeV/c 2 , not including the independent uncertainties in each bin of each template from limited Monte Carlo (or data) statistics. The uncertainties that are considered correlated between CDF and D0 are those on the differential and inclusive theoretical production cross section predictions for the Higgs boson signals (itemized by PDF+α s and scales), the Higgs boson decay branching fractions, the tt, single top, and diboson background processes, and the correlated part of the luminosity estimate. All other uncertainties are associated with parameters whose central values are estimated using techniques specific to the experiments and the analysis channels. We consider these uncorrelated so as not to extrapolate fit information improperly from one channel or experiment to another where the central value or the uncertainty scale may be different.
VIII. RESULTS -STANDARD MODEL INTERPRETATION A. Diboson Production
To validate our background modeling and methodology, independent measurements of SM diboson production in the same final states used for the SM Higgs searches are carried out. The high mass analyses measure pp → V V ′ cross sections, while the low mass analyses target V Z(→ bb) production. The data sample, reconstruction, process modeling, uncertainties, and sub-channel divisions are identical to those of the SM Higgs boson searches. However, discriminant functions are trained to distinguish the contributions of SM diboson production from those of other backgrounds, and potential contributions from Higgs boson production are not considered. By way of illustration, below, we focus on VZ production.
The NLO SM cross section for VZ production times the branching fraction of Z → bb is 0.68 ± 0.05 pb [33, 73] . This is about six times larger than the 0.12 ± 0.01 pb [20, 25] cross section times branching fraction of H(→ bb)V for a 125 GeV/c 2 SM Higgs boson, but the associated background is larger, due to the distribution of the dijet invariant mass in the V +jets events. WW production is considered as background. The measured cross section, using the MVA discriminants, for VZ is 3.0 ± 0.6 (stat) ±0.7 (syst) pb whereas the SM prediction is 4.4 ± 0.3 pb [33] . The combined backgroundsubtracted dijet-mass distribution for the VZ analysis is shown in Fig. 2 for illustration. The VZ signal and the background contributions are fit to the data, and the fitted background is then subtracted. Also shown is the contribution expected from a SM Higgs boson with m H = 125 GeV/c 2 . The VV ′ boson cross sections measured by the high mass analyses are likewise in good agreement with SM predictions [15, 47] .
B. Higgs boson combination using all decay modes
For the search for the Higgs boson, the results produced by the multivariate analyses can be visualized by combining the histograms of the final discriminants, adding the contents of bins with similar signalto-background ratio (s/b) as shown in Fig. 1 . Figure 3 shows the signal expectation and the data with the background subtracted, as a function of the s/b of the collected bins, for the combined search for a Higgs boson with mass m H = 125 GeV/c 2 . The background model is fit to the data, allowing the nuisance parameters to vary within their constraints. The uncertainties on the background predictions in each bin are those after the fit. An excess of events in the highest s/b bins relative to the background-only expectation is observed. , the ratio of the observed limit to the predicted SM rate. The ratios of the 95% C.L. expected and observed limit to the SM cross section using the Bayesian method are shown in Fig. 5 for the combined CDF and D0 analyses. The observed and median-expected ratios are listed for the tested Higgs boson masses in Table IV , as obtained by the Bayesian and the CL s methods.
Intersections of piecewise linear interpolations of the observed and expected rate limits with the SM=1 line are used to quote ranges of Higgs boson masses that are ex- is driven by an excess of data events with respect to the background predictions in the most sensitive bins of the discriminant distributions, favoring the hypothesis that a signal is present. To characterize the compatibility of this excess with the signal-plus-background hypothesis, the best-fit rate cross section, R fit , is computed using the Bayesian calculation, and shown in are also shown. The median expected excess at m H = 125 GeV/c 2 corresponds to 1.9 standard deviations assuming the SM Higgs boson is present at that mass. The observed local significance at m H = 125 GeV/c 2 corresponds to 3.0 standard deviations. The maximum observed local significance is at m H = 120 GeV/c 2 and corresponds to 3.1 standard deviations. The fluctuations seen in the observed p-value as a function of the tested m H result from excesses seen in different search channels, as well as from point-to-point fluctuations due to the separate discriminants at each m H , and are discussed in more detail below. The width of the dip in the observed p-values from 115 to 140 GeV/c 2 is consistent with the resolution of the combination of the H → bb and H → W + W − channels, as illustrated by the injected signal curves in Fig. 7 . The effective resolution of this search comes from two independent sources of information. The reconstructed candidate masses help constrain m H , but more importantly, the expected cross sections times the relevant branching ratios for the H → bb and H → W + W − channels are strong functions of m H in the SM. The observed excess in the H → bb channels coupled with the slight excess in the H → W + W − channels determine the shape of the observed p-value as a function of m H . Figure 8 shows the quantity CL s+b , corresponding to the p-value for the signal-plus-background hypothesis. We also separate CDF and D0's searches into combinations focusing on the H → bb, H → W + W − , H → γγ, and H → τ + τ − decay modes, and these are discussed in the following sections.
C. H → bb Decay Mode
Below 130 GeV/c 2 , the H → bb searches contribute the majority of the search sensitivity. The W H → ℓνbb, ZH → ννbb, and ZH → ℓ + ℓ − bb channels from both experiments are included in this sub-combination. Two of the six contributing channels were updated for this subcombination compared with that reported in Ref. [12] . The CDF ZH → ννbb [74] analysis was updated to use a more powerful MVA b-tagging algorithm [43] along with changes to the kinematic selections. The assignment of correlated systematic uncertainties between channels was updated in the D0 W H → ℓνbb analysis [57] . The observed LLR distribution is shown in Fig. 9 , along with its Table V. We multiply the best-fit rate cross section, R fit , for this sub-combination by the SM prediction for the associatedproduction cross section times the decay branching ratio (σ W H + σ ZH ) × B(H → bb), to obtain the observed value for this quantity. We show the fitted (σ W H + σ ZH ) × B(H → bb) as a function of m H , along with the SM prediction, in Fig. 10 . The figure also shows the expected cross section fits for each m H , assuming that the SM Higgs boson with m H = 125 GeV/c 2 is present, both at the rate predicted by the SM, and also at a multiple of 1.5 times that of the SM. The best-fit rate corresponds to (σ W H + σ ZH ) × B(H → bb) = 0.19
+0.08
−0.09 (stat + syst) pb. The shift in this result compared with the value of 0.23 ± 0.09 (stat + syst) pb obtained previously [12] is due to the updated ZH → ννbb analysis from CDF [49, 74] , and corresponds to a change in the central value of 0.5 times the total uncertainty. For m H = 125 GeV/c 2 , the SM predicts (σ W H + σ ZH ) × B(H → bb) = 0.12± 0.01 pb.
D.
H
Above 130 GeV/c 2 , the H → W + W − channels contribute the majority of the search sensitivity. We com- bine all H → W + W − searches from CDF and D0, incorporating potential signal contributions from gluon-gluon fusion, W H, ZH, and vector boson fusion production. Approximately 75% of the signal comes from the gluongluon fusion process, 20% from associated production, and 5% from the VBF process. The LLR distributions are shown in Fig. 11 and the values as a function of Higgs boson mass are listed in Table VI . The data present a one to two s.d. excess in the region from 115 to 140 GeV/c 2 where there is some separation between the two hypotheses. An excess is also seen in the searches for Higgs bosons with mass m H > 195 GeV/c 2 , as mentioned in Section VIII B, but the sensitivity to the SM Higgs boson is not as large at these masses as it is at lower masses. Figure 12 shows the best-fit cross section for the combined H → W + W − searches, normalized to the SM prediction, as a function of m H , along with the expectations assuming the SM Higgs boson is present at m H = 125 GeV/c 2 for signal strengths of 1.0 and 1.5 times the SM prediction.
E. H → γγ Decay Mode
We also separately combine CDF and D0's searches focusing on the H → γγ decay mode and display the resulting upper limits on the production cross section times the decay branching ratio normalized to the SM prediction in Fig. 13 . An excess of approximately two s.d. is seen in these searches at m H = 125 GeV/c 2 , but its con- tributions to the fully combined SM cross section and limit are small due to the low expected signal yield in this channel. However, the observed excess in the H → γγ search channel has a visible impact on Higgs boson coupling constraints as described in Section VIII G.
F. H → τ τ Decay Mode
We also separately combine CDF and D0's searches focusing on the H → τ + τ − decay mode and display the resulting upper limits on the production cross section times the decay branching ratio normalized to the SM prediction in Fig. 14. 
G. Compatibility of the Excess with the SM Higgs Boson Hypothesis
The best-fit rate parameters, R fit , for the full combination of all channels and the combinations of channels focusing on the H → W + W − , H → bb, H → γγ, and H → τ + τ − decay modes [75] are listed in Ta has sensitivity to a signal and a clear excess exists. For m H = 125 GeV/c 2 , we obtain R fit = 1.44
−0.56 using all decay modes. Figure 15 shows the contribution of the four combinations for the different decay modes to the best-fit signal cross section for m H = 125 GeV/c 2 . The results are consistent with each other, with the full combination, and with the production of the SM Higgs boson at that mass. Figure 16 shows the posterior probability densities obtained for the cross section scale factors from the H → bb, H → W + W − , H → γγ, and H → τ + τ − combinations. The Higgs boson is expected to couple more strongly to more massive particles than to less massive ones, and thus may provide sensitivity to non-SM particles whose interactions become more relevant at higher energies. It is important therefore to study in detail the properties of the new particle. The channel-by-channel values of R = (σ × B)/SM provide useful constraints on the possi- (color online). Two-dimensional constraints in the (κV , κ f ) plane, for the combined Tevatron searches for a SM-like Higgs boson with mass 125 GeV/c 2 assuming Custodial symmetry (λWZ = 1). The points that maximize the local posterior probability densities are marked with dots, and the 68% and 95% C.L. intervals are indicated with the darkand light-shaded regions, respectively. The SM prediction for (κV , κ f ) is marked with a triangle. ble couplings of the particle [76] , but their interpretation is ambiguous because signal contributions from multiple sources are simultaneously accepted by each sub-channel. For example, the ZH → ννbb channels have sensitivity to both the W H and ZH production modes, and the H → W + W − searches are sensitive to gluon-gluon fusion, W H, ZH, and VBF in different mixtures within independent sub-channels characterized by the number of reconstructed jets.
Most of the searches conducted at the Tevatron are sensitive to the product of fermion and boson coupling strengths. In the V H → V bb searches, the production depends on the coupling of the Higgs boson to the weak vector bosons, while the decay is to fermions. In the gg → H → W + W − searches, the production is dominated by the Higgs boson couplings to fermions via the quark loop processes, but the decay is to bosons. A large enhancement of the Higgs boson's couplings to fermions can thus be masked by a small coupling to bosons, and vice versa, as shown in Fig. 2 of Ref. [76] . However, other less-sensitive channels included in this combination provide additional constraints. The same-sign dilepton searches, the tri-lepton searches, and some of the searches with tau leptons as decay products of W bosons are primarily sensitive to V H → V W + W − , an entirely bosonic process, although their results are customarily reported in combination with the other H → W + W − searches. The searches for ttH → ttbb provide constraints on the fermion couplings with minimal masking from the bosonic couplings. We follow the notation of Ref. [77] and introduce multiplicative scaling factors for the coupling of the Higgs boson to fermions (κ f ) and either to W bosons (κ W ) and Z bosons (κ Z ) or more generically to vector bosons (κ V ). We then search for deviations from the expected SM values of κ i = 1.
The first test assumes m H = 125 GeV/c 2 , based on the ATLAS and CMS observations, and fits for the H → W + W − coupling, holding all other couplings fixed to their SM values. This test corresponds to holding the values of κ Z = κ f = 1, while varying κ W . At each value of κ W , we recompute the predicted cross sections and decay branching ratios, as described in Ref. [77] . We assume a uniform prior density in κ W , and show the posterior probability distribution in Fig. 17 . A negative sign of κ W is preferred by the Tevatron data due to the excess seen in the H → γγ searches. In the SM, this process proceeds at lowest order via a W -boson loop or a quark loop (dominated by the top quark), with destructive interference between the two contributions [78] , as given by Γ(H → γγ) = Γ(H → γγ) SM × |1.28 κ V − 0.28 κ f | 2 . If the sign of the H → W + W − coupling is negative, then this interference becomes constructive, allowing for a larger prediction of the yield. We obtain a best-fit value of κ W = −1.27. Our procedure for finding the smallest set of intervals that contain 68% of the integral of the posterior results in two intervals, −1.56 < κ W < −0.81 and 1.04 < κ W < 1.51. We perform a similar test for κ Z , assuming κ W = κ f = 1. The resulting posterior probability density is shown in Fig. 18 Finally, we perform a similar test for κ f , the common scale factor on the Higgs boson couplings to fermions, holding κ W = κ Z = 1. The resulting posterior probability density is shown in Fig. 19 . An asymmetry is seen in this distribution, due again to the outcome in the H → γγ channels. We obtain a best-fit value of κ f = −2.64 +1.59 −1.30 . The large magnitude of the fitted value is due to the excesses seen in the H → bb and H → γγ searches.
We then allow both κ W and κ Z to vary independently, also allowing κ f to vary by integrating the likelihood function times a uniform prior in κ f over negative and positive values. The resulting areas in the (κ W , κ Z ) plane preferred by the Tevatron data are shown in Fig. 20 . While we allow either coupling scale factor to be negative, only two quadrants are shown in Fig. 20 due to an overall sign ambiguity. The point (κ W , κ Z ) = (0, 0) corresponds to no Higgs boson production or decay in the most sensitive search modes at the Tevatron and is excluded at more than the 95% C.L. due to the Higgs-boson-like signal in the H → bb and H → W + W − channels. Our best-fit points are (κ W , κ Z ) = (1.25, ±0.90).
We study the ratio λ WZ = κ W /κ Z using the same posterior probability density that is used in Fig. 20 . We choose a projection onto a one dimensional variable that preserves the uniformity of the prior probability density in the two-dimensional plane. This variable is the angle with respect to the κ W axis, θ WZ = tan Figure 21 shows the one-dimensional posterior probability density in this variable. This function is symmetric for positive and negative θ WZ . We measure |θ WZ | = 0.68 Assuming that custodial symmetry [79] holds (λ WZ = 1), we allow both κ V and κ f to vary, and show in Fig. 22 the regions preferred at the 68% C.L. and the 95% C.L. in the two-dimensional plane (κ V , κ f ). The asymmetry induced by the excesses in the H → γγ searches is visible in this projection as well. The best-fit point is (κ V , κ f ) = (1.05, −2.40), but a secondary maximum in the posterior density is seen at (κ V , κ f ) = (1.05, 2.30), consistent with the SM expectation, given the large uncertainties. The integral of the posterior density in the (+,+) quadrant is 26% of the total, while the remaining 74% of the integral of the posterior density is contained within the (+,-) quadrant.
IX. RESULTS -NON-STANDARD MODEL INTERPRETATIONS
The mechanism of electroweak symmetry breaking may entail a richer phenomenology than expected in the SM. Natural extensions include the addition of a fourth generation of fermions with masses much larger than those of the three known generations or models with several Higgs bosons or models in which the Higgs boson(s) may have modified couplings. We interpret our Higgs boson search results in models with a sequential fourth generation of fermions (SM4) and in the fermiophobic Higgs model (FHM) described below.
A. Fourth Generation Interpretation
With the inclusion of two additional heavy fourthgeneration quarks in the SM4 [80] , the gg → H coupling is enhanced by a factor of roughly three relative to the SM coupling [81] [82] [83] . The partial decay width for H → gg is enhanced by the same factor as the production cross section. However, because the H → gg decay is mediated by a loop amplitude, the H → W + W − decay continues to dominate for Higgs boson masses above 135 GeV/c 2 . Since the expected signal yield is larger in the SM4 model than the SM, the sensitivity of CDF and D0's Higgs boson searches extends to higher masses. For this reason, the upper end of the search range for the relevant channels is raised to 300 GeV/c 2 for interpretations associated with this model.
Two scenarios for the masses of the fourth-generation fermions are considered. In the first, the low-mass scenario, we set the mass of the fourth-generation neutrino m ν4 = 80 GeV/c 2 and the mass of the fourth-generation charged lepton m ℓ4 = 100 GeV/c 2 , in order to have the maximum impact on the Higgs boson decay branching ratios and to be compatible with the experimental constraint on the mass of an unstable ν 4 [84] . In the case that the ν 4 is stable or has a lifetime long enough to escape the search presented in Ref. [84] , m ν4 could be lighter, modifying the decay branching ratios [85] , resulting in weaker mass limits. In our second scenario, the highmass scenario, we set m ν4 = m ℓ4 = 1 TeV/c 2 , so that the fourth-generation leptons do not modify the decay branching ratios of the Higgs boson relative to the SM. In both scenarios, we choose the masses of the quarks to be those of the second scenario in Ref. [83] (m d4 = 400 GeV/c 2 and m u4 = 450 GeV/c 2 ). The next-to-nextto-leading order (NNLO) production cross section calculation of Ref. [83] is used, which is a modified version of the NNLO SM calculation. Previous interpretations of SM Higgs boson searches within the context of a fourth generation of fermions at the Tevatron excluded 131 < m H < 207 GeV/c 2 [86] . Similar searches have been performed by the ATLAS [87] and CMS [88] Collaborations, excluding 140 < m H < 185 GeV/c 2 and 144 < m H < 207 GeV/c 2 , respectively. A more re-cent search by the CMS Collaboration excluded the mass range 110 < m H < 600 GeV/c 2 [89] . We combine our searches for a Higgs boson in the processes gg → H → W + W − and gg → H → ZZ. Limits on the SM4 models and on σ(gg → H)×B(H → W + W − ) are derived. This result is an update of Ref. [86] . The analyses are performed equivalently to the SM searches except that gg → H production only is considered for the signal. The MVA classifiers are retrained accordingly and, for the specific case of the D0 H → W + W − → ℓ ± νℓ ∓ ν channel, the two-jet bin, which is less sensitive to gg → H production, is not included.
The branching ratios for H → W + W − are calculated using hdecay [26] modified to include fourth-generation fermions [82] . To include the gg → H → ZZ searches, we assume the SM value for B(H → W + W − )/B(H → ZZ). In setting limits on σ(gg → H) × B(H → W + W − ), the gg → H → ZZ process is included assuming that its signal yield scales equivalently to that from the gg →
is not included since these limits are independent of the predictions. However, when setting limits on m H in the context of fourth-generation models, uncertainties on the theoretical predictions are included as described for the SM searches.
The combined limits on σ(gg → H)×B(H → W + W − ) obtained using the Bayesian method are shown in Fig. 23 along with the theory predictions for fourth-generation models in the low-and high-mass scenarios. Limits obtained using both the Bayesian and CL s methods are listed as a function of Higgs boson mass in Table VIII. A broad, moderate excess above the background expectation is seen for masses above 200 GeV/c 2 . Production limits obtained for the two SM4 scenarios using the Bayesian method are shown in Fig. 24 . The limits are presented as ratios relative to SM4 low-mass scenario predictions as a function of the Higgs boson mass. In the low-mass scenario, which gives the smaller excluded mass range, a SM-like Higgs boson with a mass in the range 121-225 GeV/c 2 is excluded at the 95% C.L. The expected excluded mass range is 118-270 GeV/c 2 . In the high-mass scenario, the mass range 121-232 GeV/c 2 is excluded, with an expected excluded mass range of 118-290 GeV/c 2 .
B. Fermiophobic Interpretation
In the FHM, the lightest Higgs boson does not couple to fermions at tree level, but aside from this one difference, its behavior is indistinguishable from that of the SM Higgs boson. In the FHM, the production of Higgs bosons, H f , at hadron colliders via the process gg → H f is suppressed to a negligible rate and is ignored in the context of this interpretation. The associated production mechanisms pp → W H f + X and (color online). Observed and median expected (for the background-only hypothesis) 95% C.L. Bayesian upper production limits expressed as multiples of the SM4 (lowmass scenario) cross section as a function of Higgs boson mass from the combination of CDF and D0's Higgs boson searches focusing on the gg → H production and H → W + W − decay modes. Uncertainties associated with theoretical cross section and branching ratio predictions are incorporated in the limit. The dark and light-shaded bands indicate, respectively, the one and two s.d. probability regions in which the limits are expected to fluctuate in the absence of signal. The red line shows the prediction for the signal rate in the high-mass scenario, divided by that of the low-mass scenario. pp → ZH f +X, as well as the vector-boson-fusion (VBF) processes→ q ′q′ H f , remain nearly unchanged relative to the corresponding processes in the SM. Thus, the corresponding SM cross sections and associated uncertainties described previously are also used here. In the FHM, direct decays to fermions are forbidden; the decays to W + W − , γγ, ZZ, and Zγ account for nearly the entire decay width. For the mass range under investigation the W + W − decay mode has the largest branching fraction. The branching fraction B(H f → γγ) is greatly enhanced over B(H SM → γγ) for all m H , and the clean signature and excellent mass resolution of this channel provide most of the search sensitivity for m H f < 120 GeV/c 2 . The analyses combined here seek Higgs boson decays to W + W − , γγ, and ZZ. Previous searches for a fermiophobic Higgs boson at the Tevatron excluded signals with masses smaller than 119 GeV/c 2 [90] ; the expected exclusion was also m H f < 119 GeV/c 2 . The ATLAS and CMS Collaborations excluded m H f in the ranges 110.0-118.0 GeV/c 2 and 119.5-121.0 GeV/c 2 using diphoton final states [91] and in the range 110-194 GeV/c 2 by combining multiple final states [92] .
The SM H → γγ analyses are reoptimized as the kinematic distributions of the Higgs bosons, their decay products, and the particles produced in association with the Higgs bosons differ between the FHM and the SM. Events contain either an associated W or Z boson, or recoiling quark jets in the case of VBF and thus the transverse momentum (p T ) of the Higgs boson is on average greater than it is in the SM. The analyses combined here update previous searches for the Higgs boson in the FHM [93, 94] . Similarly, SM searches in H → W + W − channels cannot be interpreted directly in the FHM due to the different mixture of production modes. Signal contributions from gg → H f production to the MVA discriminant distributions are ignored, and the remaining contributions from other production mechanisms are scaled by the ratio of branching ratio predictions B(H f → V V )/B(H SM → V V ). The existing subdivision of channels based on the number of reconstructed jets accompanying the leptons and missing transverse energy in the event naturally optimizes the search within the FHM interpretation. Hence, the development of a separate set of analysis channels as in the case of H f → γγ is not required, though the MVAs are retrained.
The combined limits on Higgs boson production normalized to FHM predictions obtained from both the Bayesian and CL s methods are listed in Table IX 
X. CONCLUSIONS
The search for the standard model Higgs boson at the Tevatron is challenging due to the small expected signal and the need to accurately model large background contributions. We have developed advanced tools to search for the Higgs boson in the leading production and decay modes predicted by the SM and control the impact of systematic uncertainties using constraints from the observed data. We have combined searches by the CDF and D0 Collaborations for the standard model Higgs boson in the mass range 90-200 GeV/c 2 using Tevatron pp collision data corresponding to up to 10 fb in the combination. The results are also interpreted in fermiophobic and fourth generation models. Fermiophobic Higgs bosons in the mass range 100-116 GeV/c 2 are excluded at the 95% C.L., and a SM-like Higgs boson in the presence of a fourth sequential generation of fermions is excluded in the mass range 121-225 GeV/c 2 at the 95% C.L. The SM Higgs boson is excluded, at the 95% C.L., from 90 to 109 GeV/c 2 , and from 149 to 182 GeV/c 2 . The expected exclusion regions in the absence of signal are 90-120 GeV/c 2 and 140-184 GeV/c 2 . The results of the H → bb searches were validated through a measurement of the diboson (W Z + ZZ) production cross section using the same data samples and analysis techniques, treating those diboson processes as signal. The resulting diboson cross-section measurement is in agreement with the SM prediction. We observe a significant excess of events in the mass range between 115 and 140 GeV/c 2 . The local significance at m H = 125 GeV/c 2 corresponds to 3.0 standard deviations, with a median expected significance, assuming the SM Higgs boson is present at m H = 125 GeV/c 2 , of 1.9 standard deviations. with a best-fit signal strength of 1.44
+0.59
−0.56 times the SM expectation. We also separately combined searches focusing on the H → bb, H → W + W − , H → τ + τ − , and H → γγ decay modes. The observed best-fit signal strengths obtained from each of these combinations are consistent with the expectations for a SM Higgs boson at m H = 125 GeV/c 2 . We performed tests of the compatibility of the observed excess with the expectations for the couplings of a SM Higgs boson and saw no significant deviations.
